This is the first report on creep properties of biodegradable zinc alloys at human body temperature. The extruded Zn-0.1Li (wt.%) alloy exhibits appreciable creep deformation at 37°C under stresses ranging 80-230 MPa within 500 h. The creep deformation at low stresses (80-155 MPa, about 0.4-0.8 yield strength) is characterized by a stress exponent of about 4 and an activation energy close to that for self-diffusion of zinc, which are typical of dislocation creep. The implications of creep at human body temperature for durability of biodegradable zinc alloys as stents are discussed.
Introduction
In recent years, zinc and its alloys have received increasing attention as a class of biodegradable materials due to their good biocompatibility and biodegradability [1] . Since pure Zn has poor mechanical properties that cannot meet the benchmark requirements for biomedical applications, i.e. yield strength > 200 MPa, ultimate tensile strength > 300 MPa, elongation > 15-18% [2] , the research efforts have been directed to enhancing the mechanical properties by alloying with other biocompatible elements, such as Li [3, 4] , Mg [5] [6] [7] [8] , Ca [8] , Sr [8] and Cu [9, 10] . Among the alloy systems investigated, Zn-Li is of interest because it is one of a few potentially agehardenable systems and the toxic potential is anticipated to be negligible [3, 4] . The in vivo corrosion tests and in vivo biocompatibility tests [3, 4] revealed that Zn-Li alloys had similar corrosion behaviour and biocompatibility to pure Zn. A recent review [11] has summarized the latest progress in developing Zn alloys for vascular stent applications. It is noted that the alloy development and evaluation so far have been based on the tensile properties, corrosion behaviour and biocompatibility, with no creep resistance, especially at human body temperature, being taken into account. However, a stent needs to endure the radial pressure from the vessel for an extended period of time and insufficient creep resistance could result in its collapse or narrowing [12] . In fact, creep resistance has been an important consideration in evaluation of polymeric stent materials [13, 14] . It has long been known that Zn, like other hcp metals such as Mg, Ti and Zr, tends to exhibit discernible creep at room temperature [15] [16] [17] . Room temperature creep has also been reported in Zn alloys, such as rolled Zn-(0.3-2.0)Cu alloys [18] , rolled Zn-0.15Cu-0.07Ti alloy [19] , extruded Zn-28.7Al-1.9Cu alloy [20] and die-cast Zn-4Al-(0-3Cu) alloys [21] .
In most cases, self-diffusion controlled dislocation creep was suggested to be the dominant deformation mechanism. For example, Kallien et al. [21] studied the creep properties of die-cast Zn-4Al-(0-3Cu) alloys at 25-85°C and obtained a stress exponent of 4-5 and an activation energy of about 94 kJ/mol. It is thus expected biodegradable Zn alloys could undergo creep deformation at room temperature and, needless to say, human body temperature.
This paper reports the creep properties of a biodegradable Zn alloy, Zn-0.1Li at 37°C, a typical human body temperature, over stresses ranging 80-230 MPa. To the best of the authors' knowledge, this is the first report on creep properties of biodegradable Zn alloys at human body temperature.
Experimental methods
The Zn-0.1Li alloy in this work was prepared from high purity pure Zn and a Zn-5Li master alloy. The raw materials were melted in a high purity graphite crucible under the protection of mixed gas of SF 6 (1 vol.%) and CO 2 (balance). After being held at 480°C for 30 min, the melt was poured into a steel mould that was preheated to 150°C. Cylindrical blocks of 40 mm in diameter were cut from the ingot and were extruded at 300°C into billets of 10 mm in diameter (extrusion ratio 16:1). From the extruded billets, cylindrical specimens with a gauge length of 16 mm and a diameter of 3.5 mm were machined for creep testing. The constant-load tensile creep tests were carried out on self-designed creep testing rigs, equipped with silicone oil baths. The specimens were immersed into the heated oil baths, with the temperature controlled to within ±1°C. Most creep tests were conducted at 37°C, a typical human body temperature; some tests were conducted at 23°C and 51°C in order to determine the temperature dependence of creep properties. The tests were run until failure of specimens or interrupted after 500 h. Tensile tests were also carried out at room temperature on a screw-driven Instron machine at a crosshead speed of 1 mm/min, corresponding to an initial strain rate of 1 × 10 −3 s −1 . Microstructures before and after creep testing were characterized by scanning electron microscopy (SEM), couple with electron backscatter diffraction (EBSD), using a JEOL 7001 FEG SEM equipped with an Aztec analysis system. The EBSD samples were prepared by electropolishing in a solution containing 5.3 g lithium chloride, 11.16 g magnesium perchlorate, 500 ml methanol and 100 ml 2-butoxy-ethanol at 100 V and −45°C. The dislocation substructure developed in the crept specimens was characterized by transmission electron microscopy (TEM) in a Tecnai G2 T20 microscope. The TEM foils were prepared by low-angle ion milling using Gatan Precision Ion Polishing System (PIPS) with a cold stage to prevent any microstructural evolution.
Results and discussion
The SEM micrograph and EBSD orientation map of the as-extruded Zn-0.1Li alloy are shown in Figure 1 (a,b), respectively. The microstructure consists of equiaxed grains and stringers of intermetallic phase (presumably LiZn 4 ) aligned along the extrusion direction ( Figure 1(a) ), indicating that the grains have fully recrystallized after the extrusion. There appears a bi-modal grain size distribution, with the fine grains being associated with the stringers of particles. The bi-modal grain structure is also confirmed by the EBSD map (Figure 1(b) ), where there is a mixture of fine grains and relatively large ones. An average grain size of ∼ 26 μm is obtained from the EBSD map. It is noted that the alloy has a typical (0001) fibre texture, with the c-axis of most grains aligned perpendicular to the extrusion direction. The tensile properties of the extruded Zn-0.1Li alloy at room temperature are listed in Table 1 . Also shown are room temperature tensile properties reported by Zhao et al. [3] for a similar alloy. It is noted that the current alloy has much lower strength properties than the alloy in Ref. [3] . Such differences in strength properties are considered to be due to the different deformation processing conditions.
The creep curves of the Zn-0.1Li alloy tested at 37°C under various stresses are shown in Figure 2 Figure 2(b) . The alloy exhibits substantial creep deformation for the applied stresses from 80 to 230 MPa. Even for the lowest stress level (80 MPa, about 0.4 yield strength), a strain of ∼ 0.57% is generated after 500 h. The creep deformation is apparently affected by changing the test temperature (Figure 2(b) ). It is worth noting that the alloy even shows appreciable creep deformation at room temperature (23°C) with a stress of 130 MPa (about 0.7 yield strength). These results indicate clearly that creep is an issue for Zn alloys at human body temperature.
The creep curves in Figure 2 (a,b) exhibit typical threestage creep behaviour, i.e. the primary stage in which the creep rate decreases with increasing creep time, the secondary stage in which the creep rate remains steady and the tertiary stage in which the creep rate increases with time until fracture. It is noted that, however, the secondary stage is very limited for the Zn-0.1Li alloy; after a minimum value is reached, the creep rate tends to increase progressively over the most creep duration. This kind of creep behaviour is termed as 'extended period of tertiary creep' [22] . Therefore, the minimum creep rate, ε m is used instead of the steady-state creep rate to correlated with the applied stress, σ , and the test temperature, T, by a power-law equation of the forṁ
where A is a material-dependent constant, n the stress exponent, Q c the activation energy and R the gas constant. Plots of the minimum creep rate against the applied stress and reciprocal of temperature using double logarithmic coordinates are shown in Figure 2(c,d) , respectively. The stress exponent, computed from the plot in Figure 2 (c), appears to vary with the applied stress, increasing from ∼ 4 at low stresses to ∼ 14 at high stresses, suggesting a transition from power-law regime to power-law breakdown regime with increasing stress [23] . The activation energy, determined from the plot in Figure 2 (d), is 87 kJ/mol for creep at the low stresses. This value is close to that for the lattice self-diffusion of Zn, which is 92 kJ/mol [24] . The above results indicate that the predominant creep mechanism of the Zn-0.1Li alloy at low stresses is most likely dislocation creep that is controlled by the lattice self-diffusion of Zn. The EBSD and TEM analyses of the microstructure and dislocation substructure developed in the Zn-0.1Li alloy after creep at 130 MPa to a strain of ∼ 3% are shown in Figure 3 . As compared with the orientation map before creep (Figure 1(b) ), some distinct changes can be noted in the orientation map in Figure 3(a) . Firstly, there are faint colour differences and low angle grain boundaries within grains, indicating the development of in-grain misorientations. Secondly, there appears small grains with large orientation deviations, suggesting the occurrence of dynamic recrystallization. Thirdly, some grain boundaries, especially the triple junctions are undistinguishable by EBSD, indicating that the creep deformation is highly concentrated in these areas. Formation of well-defined subgrains is also evidenced by TEM (Figure 3(b) ). These recovery-related microstructural features are in support of the dislocation dominated creep mechanism as stated.
The creep rupture properties of the Zn-0.1Li alloy at 37°C are presented in Figure 4 . As can be expected, the rupture time decreases with an increase in the applied stress. Moreover, the rupture time, t r , can be correlated well with the minimum creep rate by the empirical Monkman-Grant equation [25] 
where C is a material-dependent constant. This suggests that the creep rupture of the Zn-0.1Li alloy is fully controlled by the creep deformation. The SEM examinations of the longitudinal section and the fracture surface of the specimen tested to failure at 130 MPa are shown in Figure 5 . There is extensive creep cavitation developed in the specimen, especially near the fracture surface. Most cavities appear to locate at grain boundaries, especially at tripe junctions. Despite the extensive creep cavitation at grain boundaries, however, the final fracture appears to be a mixture of intergranular and transgranular modes, with both cavitation and dimple-like features being visible. Similar cavitation has been reported in fine-grained Zn-22Al alloy within the superplastic range and at lower strain rates [26, 27] . The creep damage tolerance parameter, defined as λ = ε r /(t r ·ε m ) (ε r is the rupture strain) by Ashby and Dyson [28] , is usually used to describe the tolerance of a material to local strain concentration and to provide an indication of the underlying damage mechanism that is responsible for tertiary creep and final fracture. According to Ashby and Dyson [28] , for materials with λ = 1 − 2.5 tertiary creep results from intergranular cavitation and brittle intergranular fracture is expected.
For materials with higher values of λ, tertiary creep is dominated by mechanical instability due to necking (λ > 2.5) or microstructural degradation due to coarsening of precipitate particles or recovery of dislocation substructure (λ > 5), and ductile transgranular (dimple) fracture becomes the dominant fracture mode. For the Zn-0.1Li alloy, the λ value is between 3 and 4 at low stresses, suggesting that necking could be the dominant creep damage mechanism. Given that extensive creep cavitation at grain boundaries is evidenced in the fractured specimen, the fracture of the Zn-0.1Li alloy is probably caused by necking coupled with creep cavitation, a mechanism suggested by Skleničkain for the creep fracture of tempered martensitic 9%Cr steel [29] . However, since necking normally leads to conventional tertiary creep just as creep cavitation does, the extended tertiary creep in the Zn-0.1Li alloy is believed to be most likely result from the recovery of dislocation substructure, as evidenced by the occurrence of dynamic recrystallization during creep process (Figure 3) .
One primary requirement for biodegradable vascular stents is mechanical integrity for the first 3-6 months within a life time of 12-24 months [2, 11] . For balloon expandable stents, the alternate stress for the worst-case location was computed to be 48 MPa at 100 mm Hg by Marrey et al. [30] , 52 MPa at 100 mm Hg by Xu et al. [31] and 38.2 MPa/57.3 MPa at 80/120 mm Hg by Xuan et al. [32] . Given that appreciable creep deformation ( ∼ 0.57%) is evidenced for the Zn-0.1Li alloy at 37°C for a stress down to 80 MPa (about 0.4 yield strength) after 500 h ( ∼ 0.25 of the minimum duration required for mechanical integrity of stents), creep at human body temperature is expected to have an adverse effect on the durability of this alloy as biodegradable stents. It is thus suggested that creep at human body temperature should not be neglected for Zn alloys developed for biodegradation applications.
Conclusions
The creep and rupture properties of biodegradable Zn-0.1Li alloy at human body temperature have been studied. The alloy exhibits appreciable creep deformation at 37°C even for a stress as low as about 0.4 yield strength. There is a transition from power-law dislocation creep to power-law breakdown with increasing stress. The creep at low stresses is characterized by a stress exponent of about 4 and an activation energy close to that for selfdiffusion of Zn. Although extensive creep cavitation is developed at grain boundaries, the final fracture is a mixture of intergranular and transgranular modes. The present work suggests that creep resistance at human body temperature should be taken into account in the development of biodegradable zinc alloys.
